B
ecause of the increasing number of extremely low-gestational-age (ELGA) survivors, more attention is being paid to early detection of brain injury and abnormal brain development to enable early interventions for the prevention of longterm morbidity (1) . At present, however, ELGA infants often develop with motor, sensory, cognitive, and behavioral impairments (2) (3) (4) .
Grade III and IV intraventricular hemorrhages (IVHs) and cystic periventricular leukomalacia are associated with adverse neurodevelopmental outcome. However, neurodevelopmental problems are frequently encountered in infants with normal cranial ultrasonography (US) (5) . Compared with US, conventional magnetic resonance imaging (MRI) provides more information on white matter (WM) (6) , and moderate to severe WM injury predicts adverse neurodevelopmental outcome (7) (8) (9) (10) . However, neurodevelopmental problems also occur in preterm infants with normal MRI (10, 11) .
Because the structural imaging methods partly fail in detecting the milder abnormalities that may compromise later neurocognitive development of ELGA infants, additional methods are needed to predict neurodevelopmental outcome and allow the early commencement of appropriate rehabilitation. Previous neurophysiological studies assessing the functioning of the somatosensory system in preterm infants have focused on the first cortically generated component in the somatosensory-evoked potentials (SEPs) with the aim of assessing the integrity of the pathways from the periphery to the cortex (12) (13) (14) (15) . These studies have been motivated by the idea that somatosensory pathways run through the vulnerable periventricular zone and hence the SEPs could reflect the otherwise elusive functional integrity in that structure.
It has recently become apparent, however, that a prevalent type of preterm brain injury is a diffuse WM injury associated with a variety of secondary disturbances in the structural and functional brain organization (16) . This has led to a call for methods that would directly assess integrity of cortical functions beyond the primary sensory areas, thereby providing more elaborate information on the functional intactness of developing cortical networks.
Magnetoencephalography (MEG) is a noninvasive method for detecting weak extracranial magnetic fields produced by currents generated in the cerebral cortex. Activity from both the primary somatosensory cortex (SI) and the secondary somatosensory cortex (SII) can be detected and modeled in both newborn term infants and ELGA infants at term Articles Rahkonen et al. equivalent age (TEA) (17) (18) (19) . Because MEG can detect somatosensory processing beyond primary areas, we wanted to test whether the abnormalities in cortical processing of somatosensory information in ELGA infants, reflected as abnormal somatosensory-evoked magnetic fields (SEFs) at TEA, are associated with adverse neurodevelopmental outcome at 2 y of corrected age.
RESULTS

MEG and Neurodevelopmental Outcome
The SEF response from the contralateral SI, peaking at ~60 ms after tactile stimulation, was detectable in all ELGA infants and controls (Figure 1) . The M60 peak latencies and source strengths were normal (within 2.5 SD from the mean reported in full-term newborns) (20) in all but one preterm infant, who showed a slightly delayed M60. The response from the contralateral SII (Figure 2) , peaking at ~200 ms after stimulus, was absent in nine ELGA infants in the right hemisphere and eight in the left hemisphere. To ipsilateral stimulation, the SII response was visible in the right hemisphere in three of the nine infants and in the left hemisphere in three of the eight infants with response missing to contralateral 
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Articles stimulation. When, in either hemisphere (right or left), both contra-and ipsilaterally evoked SII responses were absent, the SEF was considered to be abnormal. Consequently, the SII SEF was abnormal in nine of 30 ELGA infants. Of the control infants, one showed an absence of SII responses in the right hemisphere (left not recorded), and this infant also showed minor WM abnormality in MRI (focal regions of high T1-or T2-weighted signal). His developmental quotient (DQ) on the Griffiths Mental Development Scales (GMDS) and cognition and language development on the Bayley Scales of Infant and Toddler Development, Third Edition (BSID-III), were lower than those of controls on average. In infants in whom SII responses were present, the peak latencies and source strengths were within normal limits (mean ± 2.5 SD) (20) . The ELGA infants with abnormal SII SEF responses had lower total DQ and locomotor subscale quotient (SQ) in GMDS (P < 0.01) than the ELGA infants with normal SII responses (total DQ: 82.8 ± 11.2 vs. 91.8 ± 4.6; locomotor subscale: 78.6 ± 14.8 vs. 90.0 ± 4.8, respectively; Figure 3) . The difference in eye-hand coordination approached significance (P = 0.07). There was no difference in cognition and language skills in ELGA infants with normal or abnormal SII response (BSID-III). Clinical characteristics and previous medical history of ELGA infants with normal and abnormal SII response in MEG did not differ significantly ( Table 1 ). The neurological examination was normal significantly more often in the ELGA infants with normal (13/21, 62%) than in those with abnormal (2/9, 22%) SII response (P < 0.05). The one infant with delayed M60 peak latency had a normal 2 y outcome examination. The results of GMDS and BSID-III at 2 y of corrected age are shown in Table 2 .
MRI, US, and Neurodevelopmental Outcome
The neurodevelopmental outcome of infants with WM abnormalities in MRI or IVH grades III-IV in US is shown in Table 3 . WM in MRI was defined as normal in 23 ELGA infants (79%) and mildly abnormal in 6 infants (21%). There were no moderate-to-severe WM abnormalities in the study population. Neurodevelopmental outcome at 2 y of corrected age did not differ between ELGA infants with or without mild WM abnormalities. Among six ELGA infants with WM abnormalities, only one had abnormal SII response in MEG. His DQ 91.5 was the second lowest of these six (range: 87.3-96.9) and locomotor SQ 85.0 was the lowest (range: 85.0-97.4). He had complex minor neurological dysfunction (MND-2), whereas of the ELGA infants with WM abnormalities but normal SII response, three had normal neurological examination and two had simple minor neurological dysfunction (MND-1).
Gray matter in MRI was classified as normal in all ELGA and term infants according to Woodward et al. (5) . However, more 
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DISCUSSION
We show that late somatosensory responses from SII, which are associated with a higher level of somatosensory cortical processing, can be reliably studied with MEG in ELGA infants at term and that they may yield prognostic information overlooked by other neurophysiological and neuroimaging methods. We investigated whether abnormalities in SEFs are associated with problems in neurodevelopmental outcome of ELGA infants. Our results showed that the absence of SII responses at term age in ELGA infants is associated with poor mean DQ and locomotor subscale assessed by GMDS at 2 y of corrected age. Furthermore, in this regard the SEF assessment surpassed MRI and cranial US in our study group.
Previously, somatosensory functions in infants have mainly been assessed using SEPs. Most previous preterm SEP studies have focused on the first cortical response as a predictor of sensorimotor outcome because it reflects the integrity of the somatosensory pathways from the periphery to the SI (21, 22 ). In the current study, as in a previous MEG study (18) , SI response was seen in every infant, thus having no predictive value in our study population consisting of ELGA infants with relatively mild neuroimaging abnormalities. Only few SEP studies have paid attention to later cortical components. Using several recording electrodes, Karniski et al. (23, 24) noted that some SEP components with longer latencies were highly reproducible and suggested the 200-ms component as a possible candidate in evaluating the status of somatosensory system in preterm infants (23, 24) . In addition, in a preliminary MEG study in preterm infants, SII response was often absent at term in infants with anatomical lesion in the underlying hemisphere. However, in that study, the neurodevelopmental outcome of the infants was not available (18) . In the current study, the abnormal SII response in MEG was associated with poor total DQ and locomotor SQ in GMDS. Notably, among infants with severe IVH, two patients with normal SII response in MEG had markedly better Although SI response in MEG or electroencephalography represents the intactness of pathways from the periphery to the SI, the SII response can be seen as an indicator of higher intracortical processing. Furthermore, the absence of SII response may reflect not only damage to the sensorimotor networks but possibly overall reduced corticocortical connectivity, which could be reflected in the total DQ. Behaviorally, SII neurons with bilateral receptive fields (25) have been suggested to integrate somatosensory information from the two body halves (26) and to integrate somatosensory and motor information (27) , which makes the study of SII responses interesting, as ELGA infants have a high prevalence of minor neuromotor dysfunction and poor coordination (4).
In our study group, mild WM abnormalities in MRI were found in 26% of the ELGA infants, and there were no moderate-to-severe WM lesions, which is less than previously reported (mild: 58%, moderate: 15%, severe: 3% in infants born <32 gestational weeks) (28) . The lower number of WM lesions in our study group is probably due to us being able to perform MEG recordings only on infants who did not require respiratory assistance or constant monitoring at TEA. Second, parents whose infants have had more complications during neonatal intensive care might be less willing to accept extra 
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Articles examinations of their infants than parents of infants without any noticeable complications. Consequently, more data are needed to generalize our SEF findings to ELGA infants with moderate-to-severe WM injury. Recent technical advances, such as infant-sized MEG devices and the development of analysis software to remove external magnetic artifacts and compensate for movements, should make this method more applicable in infants and perhaps even in neonatal intensive care unit settings. A strength of our study is the homogeneous study population: all were born at <28 gestational weeks. The study population represents ELGA infants who received modern neonatal intensive care. Only 10% of infants had severe IVH, none had cystic periventricular leukomalacia, and 21% had mild WM abnormalities in MRI at TEA. Therefore, many of these ELGA infants left the neonatal intensive care unit without any visible morphological defects in US or MRI, but some of them still had an adverse neurodevelopmental outcome. Additional measures to recognize these infants as early as possible are needed.
A limitation of the study is the use of GMDS for children up to 2 y of age, which created a ceiling effect on our GMDS results. This had no impact on results in infants with developmental impairments, but normally developed infants could have had better results if we had used the scales for infants older than 2 y. Therefore, the difference between infants with abnormal or normal SII response in DQ and subquotients in GMDS could have been larger without this ceiling effect. Furthermore, we could not measure all 39 ELGA infants using GMDS and BSID-III. In the study group, 30% of ELGA infants had an abnormal SII response, whereas among nine infants excluded because of missing GMDS, five (55.6%) had an abnormal SII response. Measuring the outcome of these nine excluded infants would have been valuable. Furthermore, the lack of information of neurological status at term precludes the comparison of MEG and clinical examination as outcome predictors. It would also have been interesting to evaluate the SII responses at 2 y of age; however, at that age, MEG recordings, which require the subject to stay still, are extremely difficult to perform. Therefore, a follow-up MEG measurement is planned closer to school age.
This study demonstrated that the absence of SII responses to tactile stimulation, as measured by MEG, is associated with adverse neuromotor development at 2 y of corrected age. The results suggest a role for the evaluation of the SII responses in the future as a part of developmental risk assessment for infants born extremely preterm.
METHODS
Patients
The subjects were 39 ELGA infants (born before 28 gestational weeks) recruited from the Neonatal Intensive Care Unit of the Helsinki University Central Hospital between May 2006 and September 2008 for a larger multimethodological study (84 ELGA infants and 22 term controls). The Ethics Committee of the Hospital District of Helsinki and Uusimaa approved the study protocol. The parents signed an informed consent. Exclusion criteria were the need for respiratory support or constant monitoring at TEA. Thirty-nine ELGA infants were eligible to undergo a MEG measurement at 37 + 6 to 44 + 4 wk of gestational age (mean: 41.1 wk). Of these infants, 30 also underwent GMDS (29) and a structured neurological examination (30) at 2 y of corrected age. We excluded two uncooperative ELGA infants from BSID-III (31) Cognition Scale and one because the examination was not possible in her native language. In addition, two inattentive children failed to complete the Receptive Language Scale and one child the Expressive Language Scale. Figure 4 illustrates the drop outs and exclusions.
Controls
The controls were 11 healthy term infants recruited from the maternity ward of the Department of Obstetrics, Helsinki University Central Hospital. The controls underwent MEG recording 1-23 d after birth at the gestational age of 38 + 0 to 43 + 1 (mean: 41.0 wk). All controls were assessed at the age of 2 y with GMDS and structured neurological examination, and nine of them also with BSID-III. Table 5 presents the characteristics of the study population. There were more male infants in the control group than in the study group ( Table 5) .
Clinical Data
Obstetric and postnatal data of neonatal clinical course and complications were collected from the hospital records. Gestational age was based on the first-trimester US when available. Birth weight z-scores for gestational age and sex were based on the Finnish growth reference data (32) . The highest grade of IVH in serial cranial US was recorded. Socioeconomic status was evaluated with a questionnaire given to the child's parents when the infant was 2 y of age.
Magnetoencephalography
Stimulus. The tactile stimulus was given to the tip of the index finger by a thin elastic membrane expanded by an air pressure pulse delivered through a plastic tube (Somatosensory Stimulus Generator, 4-D NeuroImaging, San Diego, CA). For more details of the stimulation method, see Pihko et al. (33) . The interstimulus interval was 2 s.
Data acquisition.
MEG was recorded in a magnetically shielded room (ETS-Lindgren Euroshield Oy, Eura, Finland) with a whole-head helmet-shaped sensor array (Vector View,Elekta Neuromag Oy, Helsinki, Finland) consisting of 306 independent channels: 204 gradiometers and 102 magnetometers. Electroencephalography with one to three electrodes and electro-oculography were simultaneously recorded for sleep-stage monitoring.
The helmet was in supine position and the infant lay with one hemisphere downward over the occipital part of the helmet. The stimulation and the recordings started when the infant fell asleep and stopped when the infant awoke; the infants were not sedated. In the beginning of each dataset, the infant's head position inside the sensor array was estimated using signals from position indicator coils attached to the infant's head. For more details of the recording settings and procedure, see Nevalainen et al. (18) .
MEG data from the right hemisphere were recorded during stimulation of the contralateral left hand in all 30 ELGA infants included in the final study group and in 10 of 11 controls. Recordings from the left hemisphere during stimulation of the right index finger were obtained in 24 of 30 ELGA infants and 9 of 11 controls. Recordings during stimulation of the ipsilateral hand were obtained from the right hemisphere of 21 ELGA infants and from the left hemisphere of 20 of the 24 ELGA infants with data during contralateral stimulation. All conditions could not be obtained in all infants owing to restlessness of the infant and/or measurement time limitations.
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with movement artifacts were manually discarded from the data, and quiet sleep periods were averaged for further analyses. For details of the sleep-stage determination, see Pihko et al. (33) . The averaged signals were baseline corrected (−100 to 0 ms) and low pass filtered at 90 Hz.
From the quiet sleep data, the contralateral SI (M60) and contraand ipsilateral SII (M200) sources (17) were modeled with equivalent current dipoles using a spherical conductor model, which was individually constructed based on each infant's anatomical MRIs. When MRI was not available (one ELGA infant, one term infant), the average sphere origin, calculated from the other infants' MRIs, was used. When there was no clear peak or dipolar field pattern and/or the dipole could not be modeled with the required goodness of fit of >70%, the response was considered to be absent. Moreover, appropriate location of dipoles on individual MRIs was required for acceptance of SI and SII dipoles. For a detailed description of the dipole fitting procedure, see Nevalainen et al. (20) .
Magnetic Resonance Imaging
Brain MRI (1.5T) including T2-weighted axial and T1-weighted three-dimensional sagittal images was performed near TEA on 29 of 30 ELGA infants in the study group and on 10 of 11 term controls. The images were classified by two experienced neuroradiologists (L.V. and T.A.) according to Woodward et al. (5) .
Neurodevelopmental Assessments
The neurodevelopmental outcome was measured at 2 y of corrected age by GMDS (29) , a structured neurological examination (30) , and BSID-III (31), which were administered and scored by certified examiners. Neurological status and GMDS were assessed by a child neurologist (A.L.), who was unaware of the MEG and MRI classification results. If there were unscorable items or judgment was unreliable, the infant was classified as nontestable on that scale. GMDS provide an overall DQ and the quotients of locomotor, personal and social, hearing and language, eye-hand coordination and performance subscales (SQ). On the basis of neurological examination, infants were divided into four categories: normal, simple minor neurological dysfunction (MND-1), complex minor neurological dysfunction (MND-2), and cerebral palsy (36) . Three subscales of five in BSID-III were scored (cognition, receptive language, and expressive language). Fine and gross motor in BSID-III were omitted because the locomotor function (gross motor) and eye-hand coordination (fine motor) were assessed in GMDS.
Statistical Analysis
For continuous variables, unpaired comparisons were done with nonparametric Mann-Whitney U test when data did not follow normal distribution (e.g., GMDS quotients) and with t-test when data followed normal distribution (e.g., BSID-III results). Categorical variables were compared by χ² test. A P value < 0.05 was considered statistically significant.
